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variation curve is broken and irregular having 


nr» Hon go the maximum at about 17 L.M.T.. The con- 

x/d Sesu. ; ductivity curves show less seasonal difference. 

“a o— Summer - They are almost regular throughout the year, 
e— Winter 


but the times of maximum and minimum 
change somewhat occuring at 02h during the 
hot season and at about 03h during the cold 
season respectively. 

The diurnal variation of space charge 
seems to be not correlated with that of the 
electric field and conductivity. But, the 
diurnal variation curve of space charge has 
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Fig. 4 The diurnal variation curves of occures at about 8h L.M.T. throughout the 


the conductivity at Hongo. year. 
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The partial conductivity observed at Hongo was the only positive one. So long 
as the electric field is less than about 300 V/m, the electrode effect of the atmospheric 
electric field seems not to be so effective. Accordingly, it may be permissible to con- 
sider that the total electric conductivity is proportional to the positive partial conduc- 
tivity in the stationary state. Comparing the-diurnal variations of the three elements 
obtained in various seasons of the year, there exist considerable differences among 
them both in magnitude and characters, and that of the electric field is specially out- 
standing in the grade of difference. The most remarkable difference between Hongo 
and Tanashi [6], [7], [8] is the seasonal change of the mode of diurnal variation curves 
of the electric field. The maximum value of electric field occurs at 17h in summer 
and 10h in winter at Hongo, and 8h in both seasons at Tanashi. As the diurnal 
variation curves of the electric field at Tanashi coincide fairly well with those at other 
stations situated in rural condition, the seasonal change seems to be the most remark- 
able characteristic at Hongo situated in urban condition. 


3. Fundamental equations 


The atmospheric electric field in the stationary state may be described by the 


equations. ~ 
yx =i (13 
yx E=0 (2) 
y-B=0 (3) 
y-D=o (4) 


Since the conduction current by the large ion is negligible small, the conduction 
current in the atmospheric electric field seems to depend only upon the small ion. So, — 
we may assume the following relation: : ; 
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From (2), we get y 
: E=—r¢ (13) 
Putting (13) into (9), we have 
? p-(Ard)=0 (14) 


Assuming that both of 4 and ¢ are functions of the radial component of the spherical 
coordinate, we get from equation (14): 
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4. The vertical distribution of the electrical conductivity 


of the atmosphere near the ground 


Taking into account the influence of the eddy diffusion, we may describe the 
process of the ionization equilibrium by the following equation. 
Kon 4q=on®+BNn (25) 
Here, K, a and B are the coefficient of eddy diffusivity, coefficient of recombination of 
the small ion and the coefficient of attachment between the small ion and nuclei res- 
pectively. And, g, ~ and WN are the rate of ion pair production, small ion number and 
nuclei content respectively. The left hand of equation (25) expresses the sum of the 
net flux of ions due to the eddy diffusion and the rate of ion pair production by the 
all kind of ionization in the reference volume, and the right hand expresses the sum 
of the rate of ion destruction by recombination and attachment in the same volume. 
Over land, especially near centres of pollution, the values of N are often observ- 
ed so large that the first term of right hand side of (25) can be ignored compared to 
the second. In these cases, the equation (25) may be written as follows. 
K ©” +q=BNn (25’) 
The ionizing agents of the atmosphere near the ground are as follows: 
i) Radiation by the radioactive gases and their decay products in the atmosphere. 


ii) Penetrating radiation by the radioactive subtances in the earth’s crust. 
ai) Cosmic ray. 
Considering that the quantities of radiation of cosmic ray and penetrating radia- 


tion from the earth’s crust are not affected by air motions, we may say that the rate 


of ion pair production by these two ionizing agents are independent of air motions. 
On the other hand, the distribution of the radioactive gases and their decay products 
in the atmosphere are affected directly by air motions as discussed in the previous 2 
paper (9). Therefore the rate of ion pair production by the radiation from these 

- substances is influenced by air motions. _ Then, we may classify these three ionizing 7 
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Q=0,¢~VlKe-m (27) 


The ionization due to the fadioactive substances in the atmosphere is mainly 
caused by @ rays. een, the rate of ion pair production, due to the radiation 
by the radioactive substances in the, atmosphere, may be considered to be proportional 
to the content of the radioactive substances in the atmosphere. 

In other word, we may write: 


M1=khQ - (28) 
where k; is a constant. 


Substituting (28) into (27), we get the following formula’ 


G1 = Qin go VIEW 7 


where q,, is the value of the rate of ion pair production at z=h. 
Then, g is given by 
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Referring to (25’), the equation form becomes 
KER + qye VEO 4+ 9,=BNn (31) 


Boundary conditions for ” are 
nN=MN, ate = 
=n Stine? at z= co 


The solution of equation (31) is found to bes that: 
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The vertical distribution of the electrical conductivity of the atmosphere near 
the ground is given oy the following formula. 
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Substituting (35) into (24’), we get the following formula. 


1/2 SniPwiieae= 172 —7/K:(z—h) 
Gin 4 Go je VBN/K-(2-h) le) Win» 
_ mE ge) Gh c ani K) BN-« (36) 


An (Gn \|,-VENIK EW Gin 9 NIK G- Me qe 
[n- Ce sig iNeae Heb 


At height h, this relation becomes 
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This formula gives the relation among the elements of the atmospheric electricity 
at height 4 above the ground. 

Considering that the value of r is 2.09x10-®sec.~!, and that of 8N is nearly 10-? 
sec.-! on land, (37) may be reduced to 


oon Aes ey ia a 


On SSS SSS oe 
Nin 


From (38), we get 


E,=470; a 7a (39) 
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were about 10,000 cc"! at night and about 8,000 cc~! in the daytime. 


We may say that 
the calculated 


values coincide fairly well with the observed values. Fig. 6 shows the 
diurnal variation curve of the dust concentration observed by Koshi (11) at Shiba 
Tokyo. In this figure, Y is used for the unit of the dust concentration, and it is 


almost proportional to the nuclei cogtent. The modes of the computed diurnal varia- 


tion curves and the seasonal change, shown in Fig. 5, coincide fairly well with observ- 


that the atmospheric electric field near the 
ground can be expressed considerably well by the formula (40). 


ed ones. It appeares the good coincidence 


Morever, from the 
results noted above we may say the atmospheric electric field is proportional to the 
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product of the space charge and the square root of the coefficient of eddy diffusivity. 
Although the discussions mentioned above are concerned with the atmospheric electric 
field at Hongo, no generality is lost in the discussion. Consequently, the diurnal variation 
of the atmospheric electric field in the suburban or rural conditions may be explained 
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in the same way. In Fig. 7, shown is the diurnal variation of the nuclei content, 
N, for Tanashi, computed from (40). Uses are made of the observed values of the 
atmospheric electric field, space charge and ion number at Tanashi. [6], [7], [8] 

Since the rate of ion pair production by the penetrating radiation from the 
ground surface is not measured at Tanashi, the value obtained at Hongo is used. Fig. 8 
shows the diurnal variation curve of the large ion number observed at Tanashi [12]. 
According to the results of observations the nuclei content is almost proportional to 
the large ion number. Consequently, the correspondence between the computed 
diurnal variation of the nuclei content and the diurnal variation of the large ion number 
observed in suburban condition may be again regarded as a guarantee for the presump- 
tion that the formula (40) give the considerably correct expression of the atmospheric 
electric field in the suburban condition. 

From the consideration mentioned above, the formula (40) seems to explain the 
local characteristic of the atmospheric electric field on land. 


6. Conclusion 


Considering the influence of the eddy diffusion, we discussed the ionization 
equilibuim near the ground and obtained the vertical distribution of the electrical 
conductivity of the atmosphere. Using the vertical distribution thus derived, we can 
explain the local characteristic of the electric field on land on the basis of the funda- 
mental equation. The formula of the electric field is expressed as follows: 
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Abstract 


The main difficulty in measurements of the air earth current lies in the 
elimination of displacement current caused by short period variations of the 
atmospheric electric field. An apparatus free from this difficulty was constructed 
and observations were carried out. It is ascertained that this apparatus can be well 
used in fine weather condition as well as in thunderstorm time. Some simul- 
taneous records of the air earth current and the atmospheric electric field are 


shown. 


1. Introduction 


An apparatus is constructed which is able to measure short period variations of 
the air earth current, and under various meteorological conditions observations are 
carried out. In order to eliminate the displacement current caused ‘by field induction 
the following consideration is taken into account. 

In Fig. 1, A is a test plate, C is a small A 
metal disc attached to A by a thin metal rod F 
B, and D is a brush contact connected to D Cc 2 


electrometer. E is a plate of compensator, E 
which forms a condenser together with metal G ace! 
disc C, F a earthed metal case, and G an = |to Electrometer 
earthing key. On the upper surface of the 
earthed metal case F there is an opening, 
the test plate can be exposed to the external 
atmospheric electric field throughly just under 


the opening. 
The principle of the action of the appa- 


ratus is as follows. In Fig. 1 (1) the insulated B 

test plate system (A.B.C) which is in earth D 

potential at the beginning of the observation, Gakeer (Zyeee Sal 

is exposed to atmospheric electric field, then ‘sina? 

the system receives equal and opposite charges Fig. 1! working principle Of the 
induced by the external field and net charge apparatus 
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by air earth current. In Fig. 1 (2) when this insulated plate system is brought into 
the earthed case F, and free from the field influence, then induced charges vanish, and 
only net charge carried by air earth current remaines. In Fig. 1 (3) the insulated 
system contacts with the electrometer system, a portion of net charge is supplied to 
it. In Fig. 1 (4) the insulated plate system moves towards the opening. Fig. 1 (5) 
the insulated system is again exposed to the atmospheric electric field, the system 
receives induced charge and air earth current again. By the repetition of the above 
mentioned process, the potential of the test plate system (A.B.C) and the electrometer 
system rises in turn by charge from the air earth current only. Accordingly the air earth 
current is able to be measured. 

The plate system has a certain potential caused by the field induction when 
exposed to the external electric field, so that the lines of force above the test plate will 
be distorted, therefore the incoming air earth current is modified to some extent. In 
order to keep the plate system at earth potential when exposed to the field, and to 
make the air earth current enter just as it is, the compensation device similar with the 
compensator of the universal portable electrometer of C.T.R. Wilson (1905, 1906, 
1908) is applied. The electric potential given to E (Fig. 1) is adjusted according to 
the atmospheric field intensity and automatic compensation is made continually. This 
device will be described in detail afterwards. 


2. Apparatus 


According to the principle mentioned above the following apparatus is constructed. 
The test plate which is exposed to the atmospheric electric field is consisted of, as in 
Fig. 2, three sector plates A, A’, A”, each sector angle is 
120°. These three sector plates are fixed on the rotating 
table H by insulator. Rotating table H has a rotating axis 
I driven by the electric phono motor J. Between each sector 
plate there are earthed screens, by which the electrical 
interaction between the sector plates are prevented. Above 
this rotating part the earthed metal case F with a sector 
shaped opening is covered, through this opening the sector 
plate can be exposed to the external electric field. H, I, J 
and F are always earthed. As shown in Fig. 3 (a), the sur- 
face of three sector plates and the upper edges of three 
intervenning screens are all in the same height, therefore in 
rotation these do not contact with the inner surface of the 


earthed case F, but maintain very narrow gap. This gap 
is so narrow that no lines of force can enter. Each plate Fig. 2 Schematic view - 


. : : of the air-earth current 
A, A’, A” has small metal disc C, C’, C’ with thin metal collector 


rod B, B’, B’. In Fig. 3(a) D is a brush connected to the electrometer, this is a small 
metal wheel as shown in Fig. 3 (b). Small metal disc C comes in contact with the — 
limb of this wheel without slipping, and rotates the wheel smoothly ; by this the contact. 
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between the plate system and electrometer system is made. Both small metal disc C 


and small metal wheel D are made of same material, and thin metal rod B is some- 


what flexible. 


(a) 


(b) (C) 


Fig. 3 Air-earth current collector 


Roof of 
the Hut 


Whether any unfavourable dis- 
turbances occurs or not is examined in 
the unceasing contacts between C and 
D. An earthed cover plate is put on 
the opening of the case F, that is the 
system is rotating under the non elec- 
tric field. It is ascertained that there 
is no deflection of the electrometer. 

E in Fig. 3 (a) is a plate of the 
compensator, as shown in Fig. 3 (c). 
Metal disc C moves along E without 
touching, but maintainning a constant 
distance from it. In this condition C 
and E make a compensating condenser. 
In Fig. 3 (a) D and E are shielded 
from each other, therefore there is no 
interference between them. Preliminary 
test is carried out to ascertain the 
independency between the electrometer 


system and compensator by applying arbitrary potential to E artificially when the 


apparatus is in action. 


In the case of our compensator, as shown in Fig. 4, the collector is employed 


instead of battery. As a collector, water dropper is employed in the present case. 


Water dropper acquires the net charge 
of the same sign as that of external 
field, therefore it is necessary to reverse 
the sign for the present purpose. As 
shown in Fig. 4, an inverter driven by 
motor is settled between water dropper 
and compensating condenser. This in- 
verter has a function of reversing the 
sign and adjusting the magnitude of 
potential from the dropper, therefore 
charge which is just enough for com- 
pensation can be applied to E when 
the sector plate is exposed to the 


atmospheric electric field. 
O and P are the brushes which 


Water 
Dropper 


Fig. 4 Inverter 


contact with the brush wire fixed to the plate L; P is earthed, and O is connected to 
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compensator electrode E. This apparatus is shielded from the external electric field. 
Thus once adjusted, then the compensation is made automatically how the sign and 
the intensity of the external field may change. 

Preliminary test whether the compensation is comple or not is made. It is 
expected that a little time lag may occur in this method of compensation when field 
changes rapidly, for the water dropper has a large equivalent resistance. Therefore 
the use of quick response collector is desirable. The number of revolution of the 
apparatus is usually 45 RPM or so. Any differences were not found in observation 
so far as the revolution is between 30 and 60 RPM. Thus potential of each sector 
plate system and the electrometer system rises by the charge from the air earth current 
without influence of the induction by atmospheric electric field. 

The electric capacity of each sector plate system be C, (under the earthed cover) 
and the capacity of the electrometer system (small wheel, leading wire and the 
electrometer) be Cy, then the total capacity C, of the apparatus in action, is given as 
C,=3C,+C,. In our apparatus C,=66cm, C)=42cm, therefore C,;=240cm. 

It is very important to keep the insulators in a good condition. When there is 
a leakage through the insulator supporting the sector plate, this apparatus acts as an 
incomplete rotating collector of the agrimeter type, therefore air earth current measure- 
ment becomes impossible. For this reason the following means is made. Slow air 
stream, being previously dried by the absorbent, is supplied through a pipe around the 
surface of the insulator constantly; it is proved no serious trouble occured even in a 
moist weather. 

The unit time change of atmospheric electric field (1 Volt/Meter/sec.) corresponds 
to the displacement current of 8.8x10-!*Amp/cm?, which is about 4 times greater than 
the average value of air earth current. Such a small time change of field (1 per cent 
fluctuation of the field 100 Volt/Meter in a second) is not rare in the atmospheric 
electric field, so that the elimination of the induction is very important. Examination 
whether this apparatus suffers any kind of field induction or not is carried out by the 
following method. Above the apparatus the artificial electric field of arbitrary strength 
is impressed, that is stationary, impulsive and oscillatory. The impressed field amounts 
10000 Volt/Meter or so. By the instantaneous reversal of the commutator switch the 
considerably large time change of field are also applied. In each examination it is 
confirmed that there are no deflection of the electrometer. Consequently this apparatus 
is able to be used in the observation under the rapidly changing electric field such as 
thunderstorm time. 

The figures illustrated above are all simplified sake for easy understanding. The 
value of air earth current is deduced as follows. Let i (Amp/cm?) be the air earth 
current density, A (cm?) the area or a sector plate, C, (cm) the total capacity of the 
apparatus, ¢ (sec) the duration during which the system being insulated, V (Volt), the 
potential increment of the system, then the following relation holds, Ve Sas 
In our sector plate apparatus, A=194cm?, C,=240cm, f=100sec. The eestekee in- | 
sulated during 100sec, and earthed 20sec by the earthing key G, therefore the | 
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observation is carried out cyclic every 2 minutes. In order to acquire large V for given 
? and ¢, the ratio A/C, of the apparatus must be large. A and C, becomes larger as 
the dimension of the apparatus becomes larger, therefore the ratio may have a certain 
limit. In the apparatus of F.J. Scrase (1933) A =8281 cm”, C,=3850 cm, therefore A/C,= 
2.15cm. In ours A/C,=0.8cm, the Serase’s apparatus is effective than ours in this 
point of view. 

The sensibility of our quadrant electrometer is of the order of 10-? Volt/mm on 
the photographic paper, so that the air earth current can be measured by the drift 
method. Just after the earthing has finished, the potential of the sector plate system 
rises from zero by the charge from the air earth current. The field induction on the 
sector plate when exposed to external electric field is compensated by the compensator, 
but the potential increment by air earth current is not compensated, therefore excessive 
large increment may distort the field above the apparatus. Scrase (1933) noticed that 
in the drift method the field distortion will be negligible, provided the potential incre- 
ment of the test plate is less than 0.25 Volt. Therefore in our apparatus the system 
must be earthed to zero potential, before the potential increment grows too much. As 
the time duration of insuration is 100sec, potential rises are always within above 
limitation. 

By slight modification of the apparatus, the precipitation current can be measured 
without suffering from field induction. 

Instead of sector plate the sector trays are used, the bottom of which the woolly 
cloth is spread sake for the prevention of the raindrop splashing. In this apparatus 
the compensator is unnecessary. It is thought that in the case of small precipitation 
current and yet large field change, the existing exposed vessel type of precipitation 


apparatus may give some error. 


3. Observations 


Air earth current (by sector plate apparatus) together with atmospheric electric 
field (by rotating collector of the agrimeter type) is registered on the same photographic 
paper. For the registration of the air earth current, the light source of the electrometer 
is extinguished at the time of earthing, so that the departure from zero potential just 
after the beginning of the insulation can be observed distinctly. The period of the 
quadrant electrometer for the registration of potential gradient is 2.5sec. The running 
speed of the photographic paper can be adjusted in a wide range by regulating the 
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Fig. 5 (a) Fair-weather record, Apr. 3, 1957 


138 M. Goro 


mechanism attached to the recorder as one pleases. 

The observation hut is situated on the top of the small mountain, 568 meters. 
above the sea level, near Mt. Aso. Both air earth current apparatus and rotating 
collector are situated on the roof of the hut side by side. 

Typical examples of the records are*shown in Fig. 5 (a), Fig. 5 (b) and Fig. 5 (c). 
Fig. 5 (a) is the record in fair weather when the electric field is comparatively 
changing. The ordinate scale value of air earth current record means that the height 
of the end point of the image drift gives the mean current density during 100 second. 
The ordinate scale values of both air earth current and electric field are not yet reduced 
to plain values, these are values in actual place. The actual values of potential gradient 
are estimated from the calibration by applying artificial electric field of known intensity 


upon the rotating collector. 


0 
AEC g 
(x! Or Amp/en?) 


=) 
: 
10000 


PG \ 
Wm 20000 | 
30000 
-40000 


i7hiem 1g” 20" 6 
Fig. 5 (b) Thunderstorm record, Aug. 26, 1957 


Fig 5 (b) is the record at the time when active thundercloud is approaching 
gradually, but precipitation does not yet begin. Many lightning discharges are found 
in the potential gradient record. The rainfall began about 10 minutes after the end of 
this recording. The period of the quadrant electrometer employed for air earth current 
registration is 20 sec, so that the deflection of electrometer for the air earth current 
can hardly follow the rapid changes accompanying lightning discharges. It is desirable 
to use more quick response one. In this record potential gradient shows many sudden 
changes due to lighnting discharges. The sudden changes are almost in the range of 
negative electric field, but very short time interval potential gradient reverses its sign 
from negative to positive occasionally. The magnitude of the positive air earth current 
in such a momentary positive electric field amounts considerably larger than the 
negative air earth current in such a continuing negative electric field. Under the 
sudden field changes by lightning discharges, it-is presumed that the conductivity of 
the atmosphere, that is, the density and distribution of the positive and negative ions 
are apt to be in abnormal state. Concerning this point more detailed investigation is 
desirable. 


Fig. 5 (c) is the record just before the above record. In this case there is no 
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Fig. 5 (c) Thunderstorm record, Aug. 26, 1957 


reversal of sign in the potential gradient. Both average values, not reduced to plane 
surface, of potential gradient and air earch current density in this case can be estimated 
as 30000 Volt/Meter and 3x 107! Amp/cm? respectively. Comparing these values with 
the average values in fair weather, that is 500 Volt/Meter and 3x10'® Amp/cm? from 
gross estimate, the ratio between them are found to be 60 for potential gradient and 
: 10 for air earth current density. This means that in high potential gradient the air 
earth current probably approaches to a saturation value. Attending to the fact that 
the slow response of the quadrant electrometer and the time lag in the compensator 
caused by the tardy water dropper make difficulties in the observation of rapidly varying 
air earth current, the above discussions must be reexamined. More quick response 
electrometer and more rapid working compensator are now preparing in 1 our laboratory. 
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Abstract 


In Part 1 the present writer proposes a method by which the pressure and 
temperature conditions under which rocks have been formed can be clarified from 
mesurements of magnetic state of rock-forming minerals. The method is estab- 
lished by being based upon observations of piezo-thermal equilibria of titaniferous 
ferrites and silicates which are prevailing in the lithosphere. 

In Part 2 is described the details of the method mentioned above. 

In Parts 3 and 4 are discussed the following subjects : 

1) Zone of titaniferous ferrite in the crust, 

2) Separation of the crust into three magnetically different layers; namely the 
uppermost layer of ferromagnetism due to ferrite, the middle layer of para- 
magnetism due to titaniferous ferrites and the lowest layer of paramagnetism ~ 
without titaniferous ferrites, 

3) Region of thermo-remanent magnetism, 

4) Composition and Curie point of ferrite as the indicator of the depth at which 


plutonic rocks were formed initially. —— 
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In the light of the above-mentioned line of thought, the experimental data the 
present writer obtained of a number of samples of plutonic, metamorphic and volcanic 
rocks have been arranged and the following qualitative results are obtained : 

1) Curie point and intensity of, remanent magnetism of plutonic rocks decrease with 
increasing depth at which they.were originally formed, 

2) Those of metomorphic rocks also decrease with increasing grade of metamorphism, 

3) Those of volcanic rocks also decrease with increasing temperature at which they 
solidified. 

In order to confirm the above-mentioned qualitative results in a quantitative way, 
the present writer carried out laboratory experiments to find how Curie point and 
remanent magnetism of various rocks change with varying pressure and temperature. 
The highest limit of the pressure the experiment has attained is 19,000 atm and that 
of temperature 700°C. The rock sample exployed for these experiments is (10 x 10 x 2) 
mm or (tx4x4x2)mm*. The kinds of rocks used for these experiments cover almost 


all the rocks employed for the deduction of the above-mentioned qualitative results. 


Part 1 Natural occurrence of magnetic mineral as an indication of condition under 
which various kinds of rocks were formed 


ce Aba Measurements on plutonic and metamorphic rocks 

More than 1000 oriented and non-oriented samples of plutonic rocks have been 
collected from the so-called Ryoke zone and some other places in Japan. About 300 
specimens of moderately or intensely modified igneous rocks and altered sediments have 
been collected from the well-defined suite of Ryoke and Sambagawa series in Japan, 
and also from the geosynclinal products of Tethys in Karakorum, Central Asia. 

Besides the usual measurements of remanent magnetism thermo-magnetic observa- 
tions and identification of ferromagnetic minerals, all these samples were subjected to 
paramagnetic susceptibility determination, from which number of atoms contained in 
1cm? of each rock sample was determined. The followings are the brief summaries 
of the results obtained from all the measurements mentioned above. 


a) Comparison of remanent magnetism of the volcanic, plutonic and metamorphic 
rocks 

In contrast to volcanic rocks which have strong ferromagnetism metamorphic 

rocks generally have so weak magnetism that even a resonance type magnetometer” 

can hardly detect it. Although there exist some exceptions* which have strong 


* These samples of metamorphic rocks have been subjected to directed ‘Pressures under the geo- 
magnetic field. The results indicate that the magnetism the samples possess prior to press seems to 
have been attributed to an effect of a directed pressure which applied to these metamorphic rocks 
during and after their formation. If a directed pressure is applied to a ferromagnetic material 
having a positive magnetostriction coefficient in such a way that the resulting magnetostriction 


_ energy overcomes the crystalline anisotropic energy or demagnetizing energy due to the material 


shape, there appears magnetization in the direction perpendicular to that of the pressure and 


parallel to the geomagnetic field. And even after the pressure is released, certain amounts of 


i i i i i : is called by Domen 
magnetism thus acquired remain as a kind of remanence. This remanence is oa ry 


and the present writer ‘‘ piezo-remanence”’. 
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magnetism, it may be said that in metamorphic rocks the remanent magnetism is 
generally absent. 

From the results of thermo-magnetic experiments, it is revealed that susceptibility 
of many metamorphic rocks is inversely proportional to temperature and satisfies the 
well-known Curie-Weiss’ law, and therefore that their magnetism is paramagnetic. 

Experiments on plutonic rocks show that their magnetism is intermediate or 
transitional between those of volcanic and metamorphic rocks. That is, nearly one 
half of the specimens of these rocks has remanent magnetism whose intensity is mode- 
rate and the other half has no remanent magnetism. Nearly all of the specimens 
shows a thermo-magnetic curve which is a superposition of a paramagnetic curve 
(a hyperbolic y-T curve) and a ferromagnetic. 

The magnetic characters of these rocks are summarized in Table I. 


Table I 
Volcanic rocks Plutonic rocks Metamorphic rocks 
Magnetic state of : transitional from ferro- 
saierdl ferromagnetic to paramagnetic paramagnetic 

Remanent magnetism strong moderate almost zero 

; 189 x 10-* (e.m.u/gr) 11.2x10~ (e.m.u/gr) 
Intensity of remanent 
ee ee per gram average of 436 average of 372 wines ame 

specimens specimens ~ 

Number of magnetic 

atoms in % 5.41 4.48 4.30 


b) Numbers of magnetic atoms (or ions) in 1 cm’ of the three kinds of rocks and the 
seat of magnetic atoms in nature ~ 
Paramagnetic susceptibility of rock samples was determined from measurements 
at temperatures above their Curie or Néel points. By putting the thus obtained sus- 
ceptibilities into the Curie-Weiss’ formula, numbers of magnetic atoms in 1 cm? of the 
rock samples were calculated. ‘ ee ; 
And it was found that despite the appearance of magnetism striking] ly BE 
: 1 one to the other, the numbers of the magnetic atoms per 1 cm! of Bs 
re were found nearly the same for th the three + aes oe 
‘The avera e values of these -numbe ee 


VN 
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c) Occurrence of titaniferous ferrite in the three kinds of rocks 

By means of X-ray, thermo-magnetic analyses and microscopic observation, 
further studies were undertaken. “From these further studies it was found that ferro- 
magnetic minerals responsible or not responsible for the remanent magnetism and 
those responsible for the paramagnetism were identified as follows: 
c. 1) In almost all the volcanic rocks which the present writer has investigated, 
ferromagnetic minerals (ferrites) are always detected. The ferrites which appear fre- 
quently in these rocks are the members of solid-solution between magnetite and 
ulvoéspinel. 
c. 2) In contrast to this, ferromagnetic minerals common in metamorphic rocks are 
intermediate members of solid-solution between hematite and ilmenite*, and they 
appear more frequently than titanomagnetite** does. 
c. 3) In plutonic rocks, either magnetite-ulvéspinel or hematite-ilmenite solid-solution 
is regarded as stable ferrites, and occasionally the both kinds of solid-solutions coexist 
in the same rock. 
c. 4) The state of things mentioned in c.1), c.2) and c.3) will be described in the 
following more in detail. In volcanic rocks, magnetite accompanies the eruption 
having taken place at very low temperatures and ulvéspinel does at very high, while 
titanomagnetites do at the intermediate temperatures. Hematite is an accessory 
mineral common in schists or semi-schists of very low grade of metamorphism, and 
ilmenite in those of very high, while the intermediate ferrites in moderately altered 
igneous and sedimentary rocks. In plutonic rocks, the two kinds of solid-solutions 
display a similar type of variations. Magnetite and hematite appear frequently in 
comparatively shallower portion of a batholith or in a laccolith, and ulvospinel and 
ilmenite occur in a deep-seated mass, while the ferrites transitional between the two 
terminals of each solid-solution can be found in rocks moderately deep-seated. 
c. 5) The above-mentioned may be summarized as follows: The Ti- contents in the 
two kinds of solid-solutions increase with rise of solidification temperature, with the 
progress of metamorphism, and -with the depth of rock formation. 
c. 6) To be noticed is that several specimens of most intensely niddifed rocks and of 
some igneous bodies which are considered to have been formed at great depths in the 
Ryoke geosyncline contain no trace of iron-titanium ferrites. This important fact has 
been confirmed by microscopic observation on thin sections of these specimens and 
also by thermo-magnetic identifications. The only magnetism we can observe in these 
specimens is the paramagnetism due to Fe-bearing silicate mineral in them. Never- 
theless, numbers of magnetic ions per 1 cm? of these rock specimens, of which existence 


*, ** Many authors have reported investigations on the magnetite-ulvospinel and hematite-ilmenite 
solid-solutions. For instance, Pouillard?’ is the first to have introduced magnetic method of inves- 
tigation and confirmed the regions in which each solid-solution is continuous. _Nagata and Akimoto” 
have observed in detail the occurrence of these ferrites in volcanic rocks and studied the role they 
play in rock-magnetism, and Buddington and Balsely* did the same role in metamorphic rocks. 
While, Kawai, Sasajima and Kume®» have confirmed the solvus pelavions these solutions display 


and studied their significance in rock-magnetism, 


144 N. Kawat 


has been proved by observing temperature dependency of susceptibility, are nearly equal 
to the average number of the same ions which the present writer determined for all 
other specimens having spontaneous magnetism. 

It may be plausible to interprete the above-mentioned facts as follows: If 
ferrites, which have become thus more and more Ti-rich as pressure and temperature 
increase, are further subjected to extremely high pressures or temperatures or both, 
they at last vanish and change into a kind of Fe-bearing titaniferous silicates which 


are entirely paramagnetic. 


§ 1.2 Laboratory examinations under high pressures and temperatures 

In order to confirm the conclusions obtained and described in the preceeding 
setion, §1.1, temperature and pressure dependencies of the stability of the ferrites 
were examined in laboratory by using an apparatus as shown in Fig.1. Fig.1 (A) 
shows the pressure generating equipment and Figs. 1 (C) and (D) the vessels of which 
in a hole of a cylindrical or cubic form a sample is placed and submitted to a hydro- 
static pressure. By using an electric furnace F in which the vessel is placed, tempera- 
ture of the specimen can be raised up to about 700°C. To make the pressure in the 
vessel as hydrostatic as possible, a small quantity of water was put into the hole of 
the vessel and was employed as a pressure transmitting medium. Leakage of the 
vapour (the employed temperatures are over 300°C) out of the vessel is prevented by 
means of copper packings which are sandwiched between the vessel and the piston at 
their contact plane (see Fig. 1 (D)). 

Inner part of the vessel is made of sapphire or tungsten carbide of which along 
the central axis is made the hole mentioned above and the piston of tungsten carbide, 
both of them being surrounded by stainless steel blocks to protect them from fractur- 
ing during the experiments (Figs. 1 (C) and (D)). 


Fig. 1 (A) Pressure generating equipment 
F: Electric furnace b 
i R; Automatic pressure regulator 


Magnetism of the’ Earth Crust 145 


A hh 


Fig. 1 (B) Buffer Fig. 1 (C) Sapphire vessel 
S: Sapphire 
st: Stainless steel 
h: Electric heater 


j: Hole for thermo-couple 


Fig. 1 (D) Tungsten carbide vessel 
c,c’: Contact planes of piston and vessel, copper packing 
is sandwiched between c and c’ 
te Tungsten carbide 
st: Stainless steel 


The sample to be charged into the hole of the vessel is in a form of circular 
or cubic thin plate 2mm thick and the size of the basal section (10x10)mm? or 
(xx4x4) mm? just fits the cross section of the hole. 
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The period of time during which the sample is submitted to a given high tem- 
perature and high pressure is made to be more than 100 hours. 

After the experiment the sample is quenched and taken out of the vessel and 
thermo-magnetic measurement is done. 

This procedure is repeated for each of.a number of combinations of high pres- 
sures and high temperatures. When we can infer from the series of the thermo- 
magnetic curves thus obtained that mass of one ferrite phase is growing with time, 
then we assume that this ferrite has been in equilibrium with and therefore stable at 
each of the combinations of the high temperatures and pressures. In these phase 
analyses the thermo-magnetic curves are made to be referred to the Curie and Néel 
points of the titaniferous ferrites vs the composition relations which have preliminally 
been obtained by Kume“ for the rhombohedral ferrite, and also by Kawai, Sasajima 
and Kume for the cubic ferrites. 

When the temperatures are higher than 700°C, the piston and the vessel undergo 
extreme deformation making the experiment almost unable. And when experiment is 
made at temperatures lower than 300°C, it occurs that owing to the sluggishness of 
atomic diffusion, complete attainment of the equilibrium state requires an extremely 
long time, and at the same time owing to large hysteresis of solid-phase transforma- 
tions, both the temperature and pressure corresponding to an equilibrium state is apt 
to be over or lower estimated. The experiments at temperatures higher than 700°C 
and lower than 300°C are, therefore, put beyond our experimental technique. Con- 
sequently, three runs of experiments were carried out at temperatures 350°C, 400°C 
and 550°C by simultaneously applying to each of these temperatures a series of hydro- 
static pressures 2000, 4000 and 15000 atm. 

The results obtained by the experiments are described in the following: 


Table II Results of experiments at high temperatures and pressures 


Temperature ° ° ° 
Cee 350°C 400°C 550°C 
| IL-HE IL-HE 
489 53g, 
C= 31016 6 =350°C 
2,000 atm Macher 3 HiEeMG «cae 
20% 25% 
6=310°C 6 =395°C 
IL-HE IL-HE UL-MG 
4,000 atm 53% 60% 55% 
@=340°C @=290°C @=175°C 
IL-HE UL-MG 
659, 65% 
6,000atm =f ee ee ee 
60% 
Gass; 
~ vanishing of ferrite 
15,000 atm ; into silicate was 
observed 
IL-HE : TiO,FeO-Fe,O, solid-solution F 
UL-MG: TiO,2(FeO)-Fe,O, solid-solution 
% : Molecular percent of ilmenite or ulvospinel 
) : Curie point of ferrite 
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Curie points of rock specimens decrease as either temperature or pressure applied 
to the charge is elevated. This fact indicate that high temperatures and high con- 
fined pressures render ferrites Tirich. This conclusion shows a fair agreement with 
one of the field evidences described previously. 

The results of these experiments are given in Table II, in which Ti-contents and 
the Curie points of each equilibrium phase are tabulated with respect to each equi- 
librium condition. 


Part 2 Piezo-thermal phase diagram (P-T diagram) of titaniferous ferrites and the 
stability domain of rock kinds 


§ 2.1 P-T diagram showing domain of rock kinds and distribution character of 
magnetic minerals 
Natural states of ferrites, especially the correlations between their Ti-contents and 
the conditions under which the rocks bearing these ferrites have been formed are, as 
has been stated, so systematic that it is possible to draw a P-T diagram showing 
domains of the rock kinds. 


1200 &- 
a Wie Ulvospinel TiO,2(FeO) 
=e Re MG: Magnetite Fe,O, 
Ro ees Ilmenite TiO,FeO 
& a ; HE: Hematite Fe,O; 
syeey z UL-MG: Solid-solution between magnetite 
S = D and ulvoéspinel 
a 600F |~ ' IL-HE:  Solid-solution between hematite 
and ilmenite 
400 PSs Paramagnetic silicate 
my Domain of thermo-metamor- 
200 phism 
x ie Domain of dynamo-metamor- 
0 2 4 6 el 101 12 _xi0° AIM phism 
10 20 30 KM IN DEPTH 
PRESSURE 


Fig. 2 Domains of rock kinds and of the ferrites therein 


So far as known from many volcanologists’ temperature evaluation, solidification 
of lava is found to have occurred in a comparatively broad range from 1300°C down 
to 400°C. Lava ejected over the surface of the earth’s crust solidifies under the pressure 
far smaller than those. under which plutonic and metamorphic rocks are formed. 
Therefore, domain of volcanic rocks can be shown schematically on the P-T diagram 
by a long elliptical area whose longer axis lies near and parallel to the temperature 
axis of the diagram. 

As for metamorphic rocks the situation is quite opposite to that said above. For 
metamorphic rocks the temperature range is smaller and the pressure range greater 
than those of volcanic rocks. Therefore, the domain of metamorphic rocks is repre- 
sented by an area enclosed by a ellipse whose longer axis is parallel to the pressure 


axis. 
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In the diagram a line OB is drawn in such a way that near the origin O the line 
bisects the angle between the temperature axis OY and the pressure axis OX. All 
points on this line will show the P-T conditions inside the lithosphere we are to 
encounter when we would descend in the earth crust vertically downwards. This line 
has been obtained from combination of the geothermal gradient in the upper portion 
of the crust and the gravitational load of the rock column. The P-T conditions on 
this line correspond to the ideal state of plutonic rocks or the normal state of the 
crust which involves neither thermo-metamorphism nor dynamo-metamorphism. The 
domain of plutonic rocks is, therefore, represented in the diagram by an elliptic area 
whose longer axis lies on the line OB. For convenience’ sake, let us call the line OB 
“plutonic belt.” Then this belt separates the whole area of P-T diagram into two 
sectors X and D. If we take the P-T conditions on the plutonic belt as a standard, the 
temperature of any point inside the sector Z is greater than that of a point on the belt 
having the same pressure as that of the former point and the pressure of any point 
inside the sector D is greater than that of a point on the belt having the same tem- 
peratures as that of the former point. Therefore, let us call the sector T= “the region 


of thermo-metamorphism” and D “the region of dynamo-metamorphism.” 


Now let us arrange some of the most characteristic ferrites which have been men- — 


tioned in the field evidences given in Part 1 into the domains thus defined above. 
Bearing in mind the natural occurrences described in Part 1, (1) in the domain of 
volcanism, magnetite, titanomagnetite and ulvéspinel shall take their seats in the 
direction of increasing temperature as shown in Fig. 2. (2) in the domain of metamor- 
phism, first hematite then hematite-ilmenite transitional ferrites and finally ilmenite in 
the direction of increasing pressure, (3) in the domain of plutonism, the arrangement 


Ratgiyipiiay “sIsaag ae ead 
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takes place in the order from Ti-poor to Ti-rich ferrite in the direction of increasing 
distance from the origin O, (4) in the sector © of the thermo-metamorphism there 
prevail cubic ferrites (magnetite-ulvéspinel transitioal ferrite), and (5) in the sector D of 
the dynamo-metamorphism rhombohedral ferrites (hematite-ilmenite transitional ferrites). 

If the above proposed arrangements could tell us a true state of thing, it may be 
assumed that rocks having rhombohedral ferrites as accessory minerals have been 
subjected to dynamo-metamorphism, and that rocks having cubic ferrites to thermo- 
metamorphism. 


§ 2.2 Pressure-temperature stability relation in both cubic and rhombohedral ferrites 

If we intend to picture the P-T diagram by which both the natural occurrence and 
the laboratory experiments on both the cubic and rhombohedral ferrites could be 
plausibly explained, Fig. 3 (A) would be the diagram for rhombohedral ferrites and 
Fig. 3 (B) the cubic. 

Buddington, Fahey and Vlisidis® have studied TiO, contained in ferrites from the 
data of chemical analyses and have published an idea that amount of TiO, in some 
magnetites is represented by an increasing function of temperature of the mineral 
formation. 

But the present author’s experiments indicate that Ti-contents in ferrites increase 
not only with increasing temperature but also with increasing pressure of mineral 
formation. Of this fact an explanation will be what follows: 

If we assume that a very great hydrostatic pressure was applied to a rock and 
phase changes: would associate in the rock forming minerals, then Such phase changes 
are expected to be mostly of the type of volume-reducing changes, as such changes 
render PV energy of the rocks as a whole less. This expectation would imply in turn 
that the occurrence of such a type of phase changes would take place under high 
pressures. 

It may be inferred that there are two kinds of process in which the total volume 
of the rock specimen is reduced under high pressures and simultaneously the Ti-contents 
in ferrites is increased. The first process is that in which Fe atoms contained in the 
ferrites are squeezed out and they are transported into the neighbouring silicates, so 
that the ferrite would become rich in Ti* and simultaneously undergo volume reduction 
and on the other hand the silicates, owing to their large capacity of accomodating Fe 
atoms, would not undergo such expansions that compensate the volume reduction of 
the ferrite. On further increasing pressure, Ti atoms in the ferrites begin to transfer 
into the silicates and the transference continues until at last the ferrites vanish. This 
change would be reversible. Silicates responsible for such a change can be considered 
as a condenser in which Fe and Ti atoms can be accomodated when pressure is 
increased and from which they can be expelled when pressure is decreased. This first 
kind of process is characterized by that silicate is a condenser for Fe and Ti and ferrite 


* Rutile can occasionally be produced on the way of this transference of Fe from ilmenite to the 
neighbering silicate under high pressure, 
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a volume reducer. Many silicates such as pyroxene, hornblende, biotite etc play the 
condenser. 
The second process is that in which the ferrites, instead of expelling Fe, absorb Ti 
atoms from the surrounding silicates under high pressures, and the resulting volume 
expansion of the ferrites is smaller than the.volume contraction of the silicates. 

This second kind of process is characterized by that silicate is a volume reducer 
and ferrite a condenser. One of the silicates playing the volume reducer is sphene 
found in many green rocks. Under increasing high pressure hematite becomes Ti-rich 
and tends toward ilmenite absorbing the Ti atoms from sphene. Ilmenite does vice 
versa in the reverse process under decreasing high pressure, expelling Ti atoms to 
produce sphene. ; 

This phenomenon of the atom interchanges between the ferrites and the silicates 
is very interesting and seems to be important, and therefore now under a close 
examination. 


Part 3 Magnetism in the earth crust and the remanent magnetism 


§ 3.1 Stable zone of the solid-solutions in the earth crust 

The stability curve of ilmenite and ulvéspinel shown by a heavy line in Fig. 3 
separates the P-T diagram into two regions, of which one is the region X bounded by 
the curve and the two axes, OX and OY, and contains the origin O and the other region 
the remaining region GS. The region X is the region in which ferrites can exist and the 
region © that in which they cannot. 

Let R (Fig. 3) denote the point of intersection of the line showing the plutonic 
belt OB and the boundary curve separating the X and & regions. The abscissa of the 
point R is about 6000 atm and corresponds to the depth of 25km below the surface 
of the crust. Above this depth titaniferous ferrite exists and below this depth this 
oxide is absent. Therefore, if this is assumed to be true, we may infer that existence 
of minerals responsible for rock-magnetism is limited inside the uppermost shell of the 
earth, not more than 25km or so in thickness. 

It is also to be noticed that in iron oxides the distance from one iron atom to the 
neighbouring, being about 2A, is so small. that overlapping of the unpaired electron 
clouds, hence the molecular-field, is likely to occur. And such a mineral is characterized 
by appearance of the spontaneous magnetism. Whereas in the silicate the iron atoms 
are widely spaced or otherwise are intercalated by a plane of the silicon-oxygen network, 
so that the exchange of the electrons is no longer possible, providing them with 
paramagnetism. Consequently the depth 25 km should also be regarded as the boundary 
above which the ferromagnetism exists and below which the paramagnetism does. 


§ 3.2 Three magnetically different layers in the crust 
The plutonic belt shown in Fig. 3 shows that Ti-content of the ferrites would 


increase with increasing depth. In consequence, Curie point whose value at the surface 
is about 600°C would decrease with increasing depth at a rate of about 40°C/km: On — 
the contrary, if we assume a linear geothermal gradient of 30°C/km, the temperature — 
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inside the crust whose surface value is about 0°C would increase with increasing depth 
at the above rate. Accordingly, there must be a certain depth at which the temperature 
of the crust would be equal to the*Curie point of the ferrite prevailing there (Fig. 4). 
This critical depth, being graphically determined on the diagram in a manner as will 
be described later, will be about 10km. In the outer shell from the surface down to 
this depth spontaneous magnetism, therefore, comes to existence due to the ferrites 
therein, because the temperatures inside this shell are always lower than their Curie 
points. Accordingly, the present writer calls this outer shell having a thickness of 
10km “ferromagnetic layer of the earth crust.” 

In the shell underlying the ferromagnetic layer extending down to a depth of 25km, 
temperature is always higher than the Curie points of the ferrites in this shell. There- 
fore, magnetism of this shell is always paramagnetic, despite of the existence of ferro- 
magnetic materials. As we have demonstrated in the preceding section §3.1 para- 
magnetism without titaniferous ferrite is prevailing in the interior below the depth of 
25km. Accordingly, we can divide the earth crust into the following three magnetically 
different layers, namely the ferromagnetic layer, the paramagnetic layer with ferrites 
and the paramagnetic layer without ferrites (Fig. 4). 


GERROMAGNETIC LAYER 


Fig. 4 (A) Three magnetically different 
layers in the crust 


with . FERRITE 


(B) Variation of Curie point of 
ferrite and temperature in the 
crust 


25KM 
PARAMAGNETIC LAYER 
yitHouT FERRITE 


(A) (B) 


§ 3.3 Region of thermo-remanent magnetism in the P-T diagram 

Next to be clarified is the manner by which plutonic, metamorphic and volcanic 
rocks can acquire remanent magnetism. Figs. 5 and 6 are the diagramatical 
representation of the manner. Since there exists one to one correspondence between 
Curie point of ferrite and its composition, the five curves showing piezo-thermal 
stability relation shown in Fig. 3 can be regarded as the iso-Curie point curves. 

If we draw on the diagram a line T=const., then this line intersects various iso- 
Curie point curves at various points, showing that even if temperature is held constant, 
the ferrites varying in Curie point can be formed according as pressure varies. Of 
these ferrites thus produced under various pressures with a constant temperature, one 
with its Curie point equal to T is represented by point P which is the intersection 
of the line T=const. and the iso-Curie point curve of T. Then it is evident that the 
ferrites lying on the line and on the left side of the point P have their Curie points all 
higher and those on the right side all lower than the temperature T at which the 
formation of these ferrites has taken place and their cooling has set in. So that these 


152 N. Kawat 


ferrites falling on full lines of T=const. (Fig. 5) possess thermo-remanent magnetism 
(TRM), since they have been cooled passing through their Curie points, while those on 
broken lines possess no TRM. 

By repeating similar consideration at various temperatures Tei a <a 
all the ferrites are classified into two kinds, of. which one is capable and the other 
incapable of acquiring thermo-remanent magnetism. The domain of the former is 
represented on each of the two diagrams Figs. 6 (A) and 6 (B) by shadowed zone. 


a 
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Ferrites whose Curie points are lower than 0°C are paramagnetic at temperatures 
higher than 0°C and the rocks possessing these ferrites cannot be magnetized in the - 
field and also in the Jaboratory unless they are being exposed to a temperature below 
0°C, and therefore the area on the right side of the 0°C iso-Curie point Curve is not a 
TRM region in countries where the ground experiences no freezing. ~4 
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Table III 


ide Rocks , ben (A) : | wn (B) i (Cc) ‘| (B)+(C) | (A)+(B)+(C) | 
Woicanic rocks 93.2% ; 6.8% 0.0% 6.8% . 100% a 

RieeePtitontelrodks ingens. git seo ehk be kot 82.2 100 

‘5 Metamorphic rocks 15.7 a0) ie 63.3 ‘. 84.3 " | a Oost 


(A) those having both remanent magnetism and ferrites, (B) those containing ferrites 
but without remanent magnetism, and (C) those having neither ferrites nor remanence. 
The relative proportions of the numbers of specimens in the three groups are tabulated 
in table III. 


If the domains of three kinds of rocks shown in Fig. 2 and the shadowed area 
showing the region of TRM represented in Fig. 5 are compared with each other, one 
can find that the area common to the shadowed area and each domain is the greatest 
in volcanic, smallest in metamorphic, and intermediate in plutonic rocks respectively 

y as shown in Fig. 7. 
% The numerals given in the column 
< (A) of table III show a downward 
decrease from volcanic to metamorphic 
rocks and this is qualitatively consistent 
with what just has been mentioned for 


Fig. 7. This consistency would be 


TEMPERATURE 


plausible, if it could be assumed that 
the remanent magnetism in these rocks 


are thermo-remanent magnetism. 


§ 3.4 Epoch of acquisition of thermo- 
12 X10" at 


10 20 30 KM IN DEPTH remanent magnetism 
PRESSURE 
Fig. 7 Overlapping of region of TRM in Fig. 6 It must be remembered that the 
and three domains in Fig. 2 plutonic rocks cropping out at the 


surface of the crust have cooled considerably and this cooling must have been affected by 
their upheaval and erosion away of their overlying rock strata. The upheaval must have 
been a slow movement caused by an isostatic readjustment or by a mountain making 
movement ; hence it comes that the deeper the initial formation of the plutonic rocks and 
so the greater the upheaval and at the same time the lower the Curie point, the longer 
duration is required for the acquisition of the thermo-remanent magnetism. For instance, 
plutonic rocks which were made at 18km depth from the surface and charged with ferrite 
of which the Curie point is expected to be about 100°C, should be left unmagnetized for 
long time until the rocks were lifted up toa level at a depth of 3 km below the surface. 
In fact, we occasionally find that some of the mesozoic plutonic rocks in Japan seems to 
have gotten their magnetism in tertiary period or even more recently, and further that 


the magnetization of these rocks is almost in the direction of the present earth’s field, 


154 N. Kawat 


despite of their remote origin. This retardation of magnetization should be taken into 
consideration for the palaeomagnetic interpretation of remanent magnetism of plutonic 


and metamorphic rocks. 
Part 4 Composition or Curie point of ferrite as the depth indicator of plutonic rocks 


It seems important to recall here the variation of Ti-contents in ferrite along the 
plutonic belt OB (see Fig. 2) and to consider its significance, because the composition 
of ferrite contained in a plutonic rock tells us the depth at which the rock was initially 


formed. 
SE 
4 A Fig. 8 Variation of Curie point of ferrite 
. 800 with depth 
z 
2 B : : 
& a (A) For the series of solid-solution between 
5 200 hematite and ilmenite 
® (B) For the series of solid-solution between 
~ 200 magnetite and ulvdspinel 
0 10 20 KM 


DEPTH 


In Fig. 8 are illustrated the relations of the depth vs the Ti-contents (or vs the 
Curie point), which have been drawn from Figs. 2 and 3. 

If from a thermo-magnetic observation of a rock sample are determined its Curie 
points and also the composition of ferrite contained in it is determined by an X-ray 
analysis, one can infer from the curves in Fig. 8 at what depth the rock was initially 
formed. 

The method of depth estimation mentioned above has been put into practice only 
very recently and of course quite tentatively, and therefore should be considered neither 
as an ultimate method nor as having generality valid for all cases. Nevertheless, some 
results of the depth estimations thus carried out encounter no conspicuous discord 
with geological field observations. 

For instance, in the rock samples taken from various orogenic belts of the world 
at large such as Caredonia, Variscan, Alps, where mountain making movements and 
hence the land uplifts were conspicuous, we find paramagnetic or ferromagnetic ferrites 
of very large Ti-contents. In contrast to this, the samples of igneous masses from 
kratogens possess ferromagnetic ferrites whose Ti-contents are very small, regardless 
of the localities these rock samples were taken from and of their ages. 

Granite and gabbro that have intruded into the Sinian system in northern Korea 
and in northern China, plutonic rocks in Ural (USSR), and Schwaltzwald (Germany) 
are the representative examples showing very high Curie points, that is, very low Ti- 
contents. 

An interesting application of the above-stated depth-rule ‘is given in the following: 
Granite samples were taken from outcrops at the summit 2900m high above sea level 
and those at the foot 920m high of Mt. Shirouma, Central Honshu, Japan which is — 
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generally considered to be composed of same granite mass. The Curie point of the 
ferrite in the summit sample was found to be about 550°C and that of the ferrite in 
the foot sample 450°C, giving the difference in Curie points equal to 100°C. The 
difference expected from the depth-rule is about 80°C. The agreement between the 
observed and calculated differencesis worth noticing. 

A number of specimens of plutonic rocks from Japan and Karakorum were ex- 
amined for depth estimation, giving the results shown in Table IV. 

In the last, a remark should be given in the following on the application of the 
depth-rule. Plutonic rocks now cropping out at the earth’s surface occasionally involve 
various kinds of ferrites, which have been made not originally but after the formation 
of the rock, all having been derived from it on a way decreasing temprature and 
pressure due to the upheaval. Such derived ferrites possess their Curie points all 
higher than that of the original, as has been already stated. Therefore, in case a 
number of different Curie points are found by thermo-magnetic analysis, the lowest 
Curie point is to be employed for the depth estimations. In finding the lowest Curie 
point, lower limit of temperature range for the thermo-magnetic analyses has been 
lowered to —196°C, the boiling temperature of nitrogen. 


Table IV 
epecien number Depth estimated 
and the locality Pp 
4211 (gabbro) mal 
Ryoke, Kinki. 12 km 
4201 (granite) ‘ 
Ryoke, Kinki 2 18 km 
4550 (gabbro) ere . 
Muroto, Shikoku ; less than 5 km 
M-106 (granite) 
_ Karakorum a“ Ls 10 km 
H-50 (granite) ‘ 
E. : Boke: Kinki less than 4 km 
cae 
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LETTERS TO THE EDITORS 


A Modification of the Method of E.R. Deutsch for 
the Magnetic Hysteresis of Rocks. 


Abstract 


Measurements have been made of the phase angle, ¢, by which the mag- 
netic flux in a transformer core with an adjustable gap lags behind the 50c.p.s. 
magnetising current. The lag is shown to be 3.5° for typical silicon steel lamina- 
tions carrying an R.M.S. flux density of 600 to 2400e.m.u. In the method of 
E.R. Deutsch [1] this lag is assumed to be zero, leading to errors in the hystere- 
sis curves observed and an error H,sin¢d in the measured coercive forces, where 
Hi, is the amplitude of the magnetising field. It is concluded that the best method 
of obtaining a voltage proportional to the field in the gap of a magnet operated 
with alternating current is to use a search coil and an electronic integrating 


circuit. 


The Method of E.R. Deutch [1] 


The method described by E.R. Deutsch uses a magnet built up of silicon steel 
laminations to provide an oscillating field of 50 cycles per second; the voltage across 
a resistance in series with the magnetising windings gives the horizontal deflection 
on an oscilloscope as a measure of the field in the magnet gap. The magnetisation 
of a specimen in the gap is determined differentially with a search coil, the signal in 
the absence of a specimen being reduced to a small value by connection in series 
opposition with another coli on one pole. With the minor addition of harmonic elimi- 
nating coils, the voltage from these balanced coils is displayed as the vertical deflec- 
tion on the oscilloscope, giving a Lissajous-type figure. The difference in vertical 
deflection between the figures obtained with and without a specimen gives dJ//dt for 
the specimen, which is multiplied by ey at each point to obtain d//dH and 


Sale 
A, 
then Z by numerical integration. 

It is essential to the method that the horizontal deflection of the oscilloscope 
beam be in phase with the measured field, since if the field, H, lags behind the mag- 
netising current by a phase angle, ¢, d//dt will be advanced in the oscillograms by 
this angle and therefore by a fraction asin? cos( $ +sin™! 2) of the field amplitude 


0 
Hy. Since we are interested principally in small values of H/H, and ¢ this means 


that there is an error Hyg or Hjsing in the field corresponding ‘to each measured value 


dl 
of ae 
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In order to examine the magnitude of the error introduced by Deutsch’s assump- 
tion that the phase lag, ¢, is zero, the lag was measured for two cores built up from 


silicon steel laminations of different sizes. 


Method of Measuring the Phase Lag of Magnetic Flux 


The cores under examination were wound with large magnetising coils (200 to 
2000 turns) and small secondary coils (1 to 10 turns) and connected into the circuit of 


Figure 1. 


INDUCTOMETER 


MILLIAMMETER. 


SENSITIVE 
VACUUM TUBE 


240 Vv. ~VARIAC 
VOLTMETER. 


5o~ TRANSFORMER 


V= £B Sin(wt-g) 


Fig. 1. Electrical Circuit for Phase Lag Measurements. 


The method was essentially a comparison of the valtages induced in the second- 
ary windings of a pure air-cored mutual inductance, for which a Cambridge Instrument 
Co. Campbell Mutual Inductometer was used, and the core under test. 

The voltages may be represented as’ 


: asin wot 
and — Bsin(wt—¢) respectively, +E E 
Where a and 8 are Ue constants and ¢ is the phase angle to Re deter- 9 
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two cores built up from silicon steel laminations of the same thickness, 0.056 cm., but 
different area. The air gaps were adjusted to reproduce approximately the same ratio, 
é, of reluctance of the air gap to otal reluctance as that used by Deutsch [1] 


is readily calculated from his figures: 


, which 


Magnetizing windings of 2600 turns carrying 3 amperes gave a total magneto- 
motive force of 7539 oersted-cms. (R.M.S. value); the flux density 1700 gauss across 
a 3cm. air gap gave an RMS magnetomotive force across the gap of 5100 oersted-cms., 
so that ¢=0.67.. 


Results of the Phase Lag Experiments 


The cores examined were: 

(1) A commercial choke with a fixed air gap to which a secondary winding of 
two turns was added. This gave a phase lag varying between 19° and 32° depending 
upon the magnetising current. 

(2) A spiral of permalloy tape 0.005cm. thick with a total cross section of 1 sq. 
cm. was cut into two parts so that a variable air gap could be included in the magne- 
tic circuit. With no air gap the core was used with a primary of 700 turns and a 
secondary of two turns and gave a phase lag of 13° at a flux density of 1000 e.m.u. 
increasing to 26° at flux density of 6,500 e.m.u. The addition of two 0.046cm. thick 
air gaps required a primary winding of 3500 turns and a secondary of 10 turns. It 
reduced the phase lag to 1.2° at a flux density of 400 em.u. and 5° at 4,400 em.u. 
The inclusion of two 0.092cm. gaps increased the phase lag to 3.5° at a flux density 
of 400 e.m.u. and 7° at 4000 e.m.u.. Owing to the high permeability of the core it 
was not convenient to use air gaps small enough to give a gap reluctance comparable 
with the yoke reluctance. 

(3) A core was built from 0.056cm. silicon steel laminations of standard trans- 
former shape and with a central limb of width 3.175cm. A sufficient number were 
used to make the cross-sectional area of the magnetic circuit 9sq. cm. The core was 
used with a 2000 turns primary coil and three secondary coils of one turn each, closely 
wound on the central and two outer limbs of the transformer core, near to the “air” 
gaps. The secondary coils were connected in series so that their voltages added, and 
were effectively a single secondary coil of two turns, since the flux of the central limb 
of the core was shared between the two outer limbs. The precaution of winding the 
secondary coils in this manner was taken because the introduction of an “ air” gap 
between the E and 1 parts of the transformer core caused appreciable leakage flux, 
and the average flux across the gaps was required. 

The components of the core were separated by a sheet of insulating cloth 
0.020 cm. thick which gave ¢=0.65, at B=1616 gauss (R.M.S.). 

The phase lag was about 3.5° almost independent of the flux density as indicated 
by the crosses in Figure 2. 73 

To examine the effect of changing the size of the yoke while retaining the same 
lamination thickness, a second core was built up from 0.056 cm. silicon steel laminations 
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Fig. 2 Phase Lag of Magnet Flux vs. R.M.S Flux Density. 


of standard shape but width 1.905 cm. of the central limb. This was used with a 1000 
turns primary coil and three secondaries, wound as on core (3), and 0.013.cm. gaps 
between the E and 1 components giving ¢=0.65, at a flux density of 1613 gauss (R.M.S.). 

The phase lag for this core, indicated by circles in Fig. 2, did not differ signi- 
ficantly from that observed with core (3) over the range of flux density of interest, 
1000 to 2000 e.m.u. It is reasonable to assume that larger laminations of the same 
thickness operated with a gap reluctance equal to twice the yoke reluctance at 50 
cycles per second would give a phase lag not greatly different from 3.5°. For a field 
amplitude of 2400 oersteds (1700 oersteds R.M.S.) this would introduce an error of 145 
oersteds in the coercive forces measured by Deutsch’s method and a corresponding 
distortion of other features of the hysteresis loops. The seriousness of this error can 
be seen from the results in Deutsch’s second paper [2] which shows coersive forces of 
100 to 200 oersteds. 


Modification of Deutsch’s Method 


In Deutsch’s experiments the voltage from a resistance in series with the magnet 
windings was used for the horizontal deflection of an oscilloscope instead of the vol- 
tage from a coil over the field gap because a direct measure of the field and not a 
differentiation was required for display. If the field varied exactly sinusoidally the 
problem would be simple since a correction for the phase lag of the magnetic flux 
could be made during the numerical integration. Alternatively a search coil could be 
used with a differentiating circuit to produce a further phase change of 90°; the 
resulting voltage would be 180° out of phase with the magnet flux which would not 
be significant since hysteresis loops are symmetrical. To examine the second sugges- 
tion a circuit was set up to differentiate the voltage from the secondary coil on core 
(4) with the mutual inductometer, coupled to an amplifier which reduced the phase : 
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change due to the inductometer, reactance. The differentiation enhanced the third 
harmonic content of the search coil voltage producing a waveform quite unsuitable 
for use as a measure of the field/ The strength of the harmonic content is such as to 
cause additional doubt about the use of the magnet current as a field measurement in 
Deutsch’s method and leaves only integration of the search coil voltage as a reliable 
method of measuring the field. This can be accomplished automatically with a float- 
ing voltage source electronic integrator such as that indicated by Chance et al. [3] 
in Fig. 18. 34. With the addition of a cathode bias resistor this circuit can be made 
to integrate as accurately as the limitation on the resulting signal attenuation will 
allow. A similar circuit can also be used to integrate the signal from the balanced 
coils in Deutsch’s method, giving oscillograms (with and without specimens) which are 
subtracted from one another to obtain hysteresis curves without numerical integration. 
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Positional Intermixing of the Normal and the Reverse 
Magnetizations of the Kawajiri-misaki Basalt Lavas 


In this paper are reported the further results on the field observation of the 
Kawajiri-misaki basalt lavas as a supplement to the previous data. [1] From an area 
of one meter square of the outcrop belonging to entirely one rock block of the lavas, 
the present author has sampled further specimens, 17 in number, (from No. 27 to No. 
43), in addition to 26 specimens already reported in the previous paper [1] and has 
reconfirmed the fact of the positional close intermixing of the normal and the reverse 
magnetizations in the very outcrop. 

The arrangement of the whole 43 specimens old and new in situ which he has 
sampled is represented in Fig. 1. 

Fig. 2 is the Wulff’s projections of the directions of the natural remanent magne- 
tism (N.R.M.) of these 43 specimens and in Table 1 are shown the numerical values 
of the directions and intensities of the N.R.M. 

As can be seen from Fig. 2 and Table 1, the directions of magnetization are 
normal for 7 specimens of No. 3, 16, 28, 29, 30, 32, 33 and intermediate for the speci- 
men of No. 31, while those are all m 
reverse for the remaining 35 speci- 
mens. It is worth noticing that 7 
specimens from No. 27 to No. 33 
showing the positional close intermix- 
ing of the normal and the reverse 
N.R.M. possess very low intensity of 
magnetization of the order of magni- 
tude of (1~2)x10-‘c.g.s.e.m.u./g. and 
their directions of magnetization are 
nearly intermediate, deviating greatly 
from the direction parallel or anti- 
parallel to the present geomagnetic 
field. The above fact of the inter- 
mediate directions of the weak N.R.M. 
in situ seems to be the natural conse- OQ ye 


quence of the self-reversal phenome- Fig. 1 The arrangement of 43 specimens sam- 


non, as the opposite magnetization Ped. ee - a neat 32, 33: normal 
: 238 ediate 
produced by the self-reversal is not The remaining 35 specimens: reverse 


always exactly anti-parallel to the direction of the original magnetization having 


taken place prior to the self-reversal phenomenon. This field evidence suggests that 


(162) 
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; on 
Fig. 2 Wulff’s projections of the directions of the N.R.M. of 43 specimens. Big 
plots represent the lower hemisphere and thin the upper. The thick cross (x) 
indicates the direction of the present geomagnetic field. 


».* Table.i Numerical values of the directions and intensities of the N.R.M. of 43 specimens. 
e —— The ii it ie Ue dremel are shown with the unit oe poe 
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the author’s interpretation stated in the previous paper [1] proves to be plausible. 
The author is very grateful to Prof. N. Kumagai for valuable discussions and is 


also indebted to Messrs. T. Nakagawa and A. Miyazaki for helps in sampling the — 
specimens from the field. 
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